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ABSTRACT Living systems rely on ﬂuid dynamics from embryonic development to adulthood. To visualize biological ﬂuid ﬂow,
devising the proper labeling method compatible with both normal biology and in vivo imaging remains a major experimental
challenge. Here, we describe a simple strategy for probing microscopic ﬂuid ﬂows in vivo that meets this challenge. An all-optical
procedure combining femtosecond laser ablation, fast confocal microscopy and 3D-particle tracking was devised to label, image
and quantify the ﬂow. This approach is illustrated by studying the ﬂow generated within a micrometer scale ciliated vesicle located
deep inside the zebraﬁsh embryo and involved in breaking left-right embryonic symmetry. By mapping the velocity ﬁeld within the
vesicle and surrounding a single beating cilium, we show this method can address the dynamics of cilia-driven ﬂows at multiple
length scales, and can validate the ﬂow features as predicted from previous simulations. This approach provides new
experimental access to questions of microscopic ﬂuid dynamics in vivo.
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The analysis of biological ﬂuid ﬂows is becoming critical
since it is increasingly recognized that cell responses to
mechanical ﬂows are involved in major events of embryonic
development and adult homeostasis (1). A classical case is the
speciﬁcation of the left-right axis in vertebrates, where beating
cilia generate a directional ﬂow necessary for breaking the
embryonic symmetry in the so-called left-right organizer (2).
Yet, investigating ﬂow dynamics in vivo requires the use of
the appropriate procedure for ﬂow labeling. Common methods
involve the injection of tracer particles with a needle. This pro-
cedure is challenging when targeting micrometer scale struc-
tures located deep inside a living organism because it can
seriously damage the targeted tissue.
To circumvent this limitation, we devised an all-optical
strategy that relies on subcellular femtosecond laser ablation (3)
to generate ﬂuorescent microdebris that seeds the ﬂow. The
nonlinear effect involved in this technique provides a high spa-
tial conﬁnement and a low invasiveness, thus allowing the
targeting of a single cell. Subsequent fast confocal imaging and
three-dimensional (3D)particle trackingwereused to imageand
quantify the seeded ﬂow. We illustrate this approach by inves-
tigating the cilia-driven ﬂow generated within the Kupffer’s
vesicle (KV), the left-right organizer of zebraﬁsh embryos (2).
To minimize the possible artifacts due to experimental
manipulations, we took advantage of the properties of fem-
tosecond laser ablation (3), which can disrupt cell integrity
with tight spatial conﬁnement and low collateral damage.
Nanometer-scale dissections have been applied in cell biol-
ogy (4,5). Thanks to the relatively low scattering of near
infrared light in tissue, this technique can be used to perform
3D-conﬁned dissections in thicker specimens, permitting
useful applications in neuroscience (6) and developmental
biology (7). The spatial extent of the ablation depends on the
tissue’s optical properties; thus, we ﬁrst investigated the
depth where a subcellular 3D-conﬁnement was feasible. We
focused femtosecond laser pulses (300 fs, 820 nm, 80 MHz)
on mesodermal cells, 70 mm beneath the epidermal cell layer
inside a living zebraﬁsh embryo at bud stage. The extent of
each ablation was determined by attenuating the laser power
and recording the two-photon excited ﬂuorescence (2PEF)
images of the endogenous ﬂuorescence around the targeted
area (Fig. 1 D; Movie S1 in the Supplementary Material).
Successful ablations generate intense ﬂuorescence in the
targeted region (as described in Supatto et al. (7)), with an
emission spectrum larger than the spectrum of the ﬂuorescent
dye (collected in the 500–550 nm wavelength range). A
subcellular spot (;20 fL) was observed, with no visible
damage between the focal volume and the surface of the
embryo (Fig. 1 D; Movie S1), demonstrating the 3D con-
ﬁnement of the ablation at this depth. We characterized the
optical properties of the embryonic tissue by measuring a
phenomenological 2PEF attenuation length (l) of the exci-
tation light at 820 nm (see the Supplementary Material, Data
S1) and found that l ; 70 mm (N ¼ 4) in the zebraﬁsh tail
bud. Thus, the subcellular micrometer-scale ablation was
achievable down to a depth comparable to l.
In ﬁsh, the KV is a cavity (;250 pL) located beneath
several layers of mesodermal cells (70–120 mm deep) in the
embryonic tail bud (Fig. 1, A–C) (8,9). The 3D conﬁnement
of femtosecond-induced ablations was used to lesion the
plasma membrane of a single cell lining the cavity (N ¼ 20,
Fig. 1 and data not shown). This optical disruption induced the
release of ﬂuorescently labeled cell debris inside the vesicle,
seeding the ﬂow with ﬂuorescent particles (Fig. 1, E and F).
We evaluated the invasiveness of this approach by looking at
the vesicle morphology after ablation and by checking left-
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right axis speciﬁcation in the manipulated embryos. We found
that the vesicle morphology remained the same after ablation
(Fig. 1, E and F) and that no left-right defects resulted (N¼ 8).
After seeding the ﬂuid with ﬂuorescent particles, we inves-
tigated the 3D motion of the ﬂow within the cavity. Particles
were imaged in 3D after ablation using a fast confocal
microscope at 44 frames per second (four z-stacks per second)
and tracked in 3D using image processing (see the Supple-
mentary Material, Data S1). The particles located 10mm away
from the vesicle surface exhibited a circular motion following
a counterclockwise rotation (dorsal view) around the dorso-
ventral axis (Fig. 2; Movie S2 and Movie S3), conﬁrming
previous observations (8,9). The time-independent feature of
this ﬂow is demonstrated in Fig. 2 A bymerging particle tracks
recorded during different time windows. The maximum speeds
ranged up to 10–50mm/s, leading the particles to perform a full
vesicle revolution every 15 s. Assuming that the viscosity
within the vesicle is close to the viscosity of pure water, the
corresponding Reynolds number is on the order of 103.
Understanding how the directional ﬂow is generated within
theKV requires knowledge of the spatial position, the direction
of rotation, and the tilt of the beating cilia. Yet, the direct
ﬂuorescence imaging in3Dof these cilia is challenging because
they beat fast (;25 Hz (9)) and are localized deep below the
tissue surface. Fortunately, the particles traveling near the
envelope of a beating cilium can be trapped in a vortical ﬂow
with the same rotation direction, but with a signiﬁcantly slower
speed, as predicted by simulations (10). Fast confocal micros-
copy (11) was sufﬁcient to image the trajectories of these
particles and indirectly probe cilia characteristics. Indeed,
particles trapped in vortical ﬂows were observed close to the
cell surface and localized to a potential beating cilium (Movie
S4). Particle tracking revealed a transition between the
directional ﬂow (.10 mm) and the vortical ﬂow closer to the
surface (,10mm, Fig. 3A, Movie S5). The presence of chaotic
advection generated around the envelope of the cilium was
observed by following the quick divergence of nearby particle
tracks (Fig. 1 in the Supplementary Material (Data S1), see
legend for details; Movie S6). In the context of Stokes ﬂow at
low Reynolds number, this chaotic behavior is an original
characteristic predicted by previous simulations (10).
Directional ﬂow can be driven by cilia with an axis of
rotation tilted in a plane perpendicular to the ﬂow (12–14).
To deﬁne the rotation axis of the observed cilium, we iden-
tiﬁed the main direction of the volume around which the
particles spin. Its surface was manually reconstructed by
drawing the boundary of the space wherein no particles were
detected (blue surface in Fig. 3; Supplementary Material Fig.
1 (Data S1); and Movie S5 and Movie S6). The axis exhibits
a 30 angle tilt toward the dorsal direction (Fig. 3 C). This
angle is close to the 35 value anticipated by simulations to
FIGURE 1 Femtosecond laser ablation procedure for ﬂow
ﬂuorescent seeding. (A) Side view of a zebraﬁsh embryo at the
stage of ablation. The box outlines the location of the KV. (B)
Schematic view of the KV before the ablation (dorsal view). (C)
Magniﬁed region of the KV corresponding to the boxed region in
B during the ablation step, showing the laser excitation in the
tissue. (D) Two views, in x-z (D1) and in x-y (D2), showing the 3D-
conﬁned ablation (green, <5 mm in each direction) generated 70
mm deep inside a dye-loaded embryo. The green ﬂuorescence is
generated as a result of the laser ablation. (E) Results of the
ablation when performed on the cells lining the KV (gray arrows),
raw images (E1 and E2), depicting the cells before (E1) and after
ablation (E2 andE3). The drawing (E3) illustrates the ﬂow seeding
after laser ablation. (F) Fast confocal microscopy allows imaging
of the ﬂuorescent microdebris (white arrowhead) seeding the
ﬂow. Black and white scale bars 50 mm and 10 mm, respectively.
FIGURE 2 Kupffer’s vesicle ﬂow extracted from ﬂuorescence
data. (A) Particle tracks (N5 266) indicating the ﬂuid streamlines
of the steady-state ﬂow within the KV. The three different track
colors correspond to the superposition of tracks obtained at
different time windows (33 15 s over a 45-s period) showing that
tracks align over time, indicating a steady state. The particles
exhibit a circular motion around the dorso-ventral direction. (B)
Schematic display of the spatial orientation (antero-posterior,
dorso-ventral, and left-right axis are represented in green, blue,
and red, respectively) of the vesicle (red sphere). The black
arrows indicate the counterclockwise rotation of the ﬂow (when
viewed from the dorsal side). d, dorsal; v, ventral; a, anterior; p,
posterior, l, left; and r, right.
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generate the optimal directional ﬂow (15). Considering the
direction of the directional ﬂow measured inside the vesicle
(Fig. 2), the dorsal tilt is in accordance with the theoretical
model (12). Furthermore, the counterclockwise rotation
(view from the tip of the cilium) of the trapped particles
corroborates previous observations on the rotation direction
of the cilium (13,14).
In conclusion, the good agreement between our experi-
mental observations and the features recently predicted by
numerical simulations conﬁrms that this approach can reveal
characteristics of ciliary hydrodynamics, and argues favor-
ably for the noninvasiveness of this approach. Such detailed
descriptions of cilia-driven ﬂuid movement will be valuable
in unraveling the relationships between ﬂow and signal
transduction crucial for maintaining the asymmetry of the
embryo. Finally, this approach opens new opportunities for
investigating microscopic ﬂow in living tissues.
SUPPLEMENTARY MATERIAL
To view all of the supplemental ﬁles associated with this
article, visit www.biophysj.org.
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FIGURE 3 Velocity vector map around a single cilium extracted
from3Dparticle tracking(100 tracks). (A)Dorsal viewof thevelocity
ﬁeld surrounding a beating cilium on the right side of the vesicle
(blackbox inB, samevesicleas inFig.2A) andshowinga transition
between directional and vortical ﬂow close to the cell surface. The
gray volume represents the cell surface and the blue volume the
cilium position. (C) Posterior view showing the 30 dorsal tilt of
the beating axis. The vectormap corresponds to the accumulation
of instantaneous particle velocities recorded at different time
points. The color of the arrowsencodes for the normof the velocity
vectors. d, dorsal; v, ventral; a, anterior; p, posterior; l, left; and r,
right. The axis scales and position are kept as in Fig. 2 A.
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